The Mexican free-tailed bat (Tadarida brasiliensis mexicana) is primarily a nonhibernating, migratory, spring-breeding subspecies. Our study considers the anatomical structure, function, and seasonal cyclicity of testes and accessory sex glands. Unlike temperate, hibernating, sperm-storing vespertilionid bats, Tadarida does not store sperm, and its spermatozoa differ from spermatozoa of species with prolonged sperm storage. Recrudescence of the male reproductive tract occurs in late winter and early spring. Mating behavior of males and function of secondary sex glands are in synchrony with an activation of the male reproductive tract (spermatogenesis). These events, which take place in the spring, during and immediately following northward migration, lead to insemination of estrogenic, receptive females.
This is a detailed study of annual variations in structure and ultrastructure in the male reproductive system of Mexican freetailed (Tadarida brasiliensis mexicana) bats together with some limited observations of its reproductive behavior. This species is primarily a temperate and subtropical insectivore. During summer, large numbers of females congregate in maternity roosts in natural caves in the northern part of its range. Smaller groups occur in a wide variety of man-made structures (bridges, buildings, culverts, mine tunnels, and dams). Populations in the southwestern United States are migratory, with most individuals spending early spring, summer, and early autumn in portions of California, Arizona, Kansas, Oklahoma, New Mexico, and Texas. These populations migrate in late autumn to reside during winter and early spring in the southern subtropical part of their range (Mexi-* Correspondent: Krutzsch@u.arizona.edu co -Cockrum 1969; Glass 1982; Villa-R. and Cockrum 1962) .
Populations of T. brasiliensis in southeastern United States (T. b. cynocephala) are smaller and more sedentary. These resident populations undergo relatively local, seasonal movements and overwinter, experiencing intermittent torpor (Sherman 1937) . A similar pattern is apparently also true for the smaller populations of T. b. mexicana that occur in southern Oregon and north-central California (Benson 1947; Cockrum 1969 ). There is a growing body of literature on the reproductive biology of this economically significant species, primarily devoted to the subspecies T. b. mexicana (Davis et al. 1962; Lollar 1998, 2000; Krutzsch 1955 Krutzsch , 1959 Krutzsch , 1979 Krutzsch , 2000 Short 1961 ). Sherman (1937) provided a review of the annual reproductive cycle of a nonmigratory population (T. b. cynocephala) from central Florida. This population, although varying somewhat in tim-ing of male reproductive cycle, exhibited essentially similar annual cyclicity of reproductive events as reported for T. b. mexicana (Krutzsch 1959) .
Tadarida brasiliensis is seasonally monestrous with male libido and functional activity of the reproductive tract occurring in spring concurrent with estrus and breeding receptivity of females. Annual changes in function of the male reproductive tract and in the onset of secondary sexual activity in males, i.e., chemical (secretory cycle of the gular gland and scent marking) and behavioral (vocalizations, mating interactions, territorial defense) changes, serve to define the male reproductive pattern of the New World temperate T. brasiliensis.
MATERIALS AND METHODS
Live bats were taken from a variety of roosting sites. Most were from Davis Blowout Cave, Blanco County, Texas (most months of [1955] [1956] [1957] . R. B. Davis provided others from sites in south-central Texas (1956) . In 1971, samples were taken in Graham County, Arizona. Material for chemical assay of accessory sex-organ fructose was provided by P. Leitner from a wintering population in Calaveras County, California (February 1971) . In the laboratory, age was determined as adult or younger. Puberty in males apparently occurs in spring following their birth as confirmed by presence of testicular-epididymal sperm and accessory sex-gland hypertrophy.
Bats were euthanized using ether anesthesia. Reproductive tracts were removed and freed of excess fat and connective tissue. Individual organs were measured (usually greatest length and width) with dial calipers to the nearest 0.10 mm. Mean (X ) monthly values and standard error (SE) for testes, prostate, seminal vesicles plus ampullary gland, and Cowper's gland were calculated. Secondary sexual gular (sternal) glands were removed and their secretory state and greatest length recorded. Penes were separately dissected from specimens and soaked in a 2% aqueous potassium hydroxide (KOH) solution for 24 h and then transferred into a 1:10,000 alizarin red-S solution (1% KOH), where the entire organs were allowed to remain until staining of the os penis (baculum) had taken place (most often 24-36 h). The penes were then cleared in graded aqueous glycerine to absolute glycerine (2-3 days). After removal from glans, the baculum was measured, and its shape recorded. Measurements were grouped by month, and X and SE of the mean were recorded.
Tissues from reproductive tracts intended for light microscopic examination were immersed for fixation in Bouin's fluid, 10% neutral formalin, or Zenker's fluid for 24 h, washed free of fixative in tap water, dehydrated in graded alcohol, cleared in cedar oil, and processed in paraffin for sectioning. Tissues were sectioned at 10 m (sometimes serially); sections were attached to glass slides, stained by Harris' hematoxylin and eosin or by Masson's trichrome procedure, and coverslipped for viewing.
Pieces of cauda epididymis to be used for transmission electron microscopic examination were fixed in cold Karnovsky's fixative and processed according to the procedure of Krutzsch et al. (1982) . The tissue was postfixed in osmium tetroxide and stained en bloc with uranyl acetate before being dehydrated in graded alcohols and infiltrated with araldite. Thin sections were obtained and stained with lead citrate and viewed with a Philips 300 electron microscope (Eindhoven, The Netherlands).
Accessory sex glands (prostate, seminal vesicle plus ampullary, and Cowper's) were freed of excess fat and connective tissue, weighed to the nearest 0.10 mg, measured (length and width) to the nearest 0.10 mm, homogenized, and separately assayed for fructose by the method of Roe (1934) as modified by Lindner and Mann (1960) . This technique was employed because this sugar is characteristically elevated in the accessory sex glands of reproductively active males and serves to further confirm the state of the male reproductive cycle.
Data on seasonal variation in organ size were subjected to statistical analyses utilizing Systat version 7.0.1 (SPSS Inc., Chicago, Illinois). Graphics were then produced utilizing Statmost, version 3.5 (Dataxiom Software, Inc., Los Angeles, Californa).
RESULTS
Testes and body mass.-Paired, oblong testes (enclosed in a nonpigmented sac) were bilaterally symmetrical and functionally alike. During the reproductive season (December-April), testes most often occu- pied a position on the medial aspect of the flank or just within the external inguinal ring or within the inguinal canal. Testes of adults began to enlarge in September and continued to increase in size and attain maximum length in February (Fig. 1) . A gradual decline in size of testes began in March and continued through May with involution to baseline in June, July, and August. Body mass of adult males increased sharply in September and October, likely reflecting premigratory deposition of fat (Fig. 1) .
Annual changes in size of testes expressed the spermatogenic cycle, as confirmed histologically. During late summer (August), primary spermatocytes began dividing, and the seminiferous tubules were small. By September or October, seminiferous tubules began to enlarge, and there were many dividing primary and secondary spermatocytes; Sertoli cells were conspicuous. Lumina of the seminiferous tubules, at this time, typically were empty of advanced spermatogenic stages. From midNovember to December, dividing primary and secondary spermatocytes were ever more abundant and Sertoli cells with spermatids were prominent. Small numbers of free sperm were visible in the tubule lumina along with some residual bodies, characteristic byproducts of spermiogenesis. By early February, sperm were more abundant in the seminiferous tubules, and a few sperm were present in the epididymides. By the end of February, the tubules were filled with sperm and residual bodies. Testes and epididymides remained sperm-filled through March (Figs. 2a and 2b ), but by mid-April sperm were no longer present in testes; however, a few remained in the caudae epididymides. Sperm were absent from testes and epididymides from May (Figs. 2c and 2d) until early in the following January. Annual testicular gametic and (presumed) androgenic cycles were roughly in synchrony with annual changes in testicular dimension ( Fig.  1 ) and accessory sex-gland hypertrophy and secretory activity (Figs. 3, 4a, 5a and 5c, 6) . A testicular androgenic role in activating the function of the accessory sex glands was suggested.
The cauda epididymis was applied to the inferior surface of the testes and was never pendulous. The epididymis terminated as the ductus deferens, which along with internal spermatic vein, artery, and nerve entered the abdominal cavity via the inguinal canal. The ductus separated from the vein, artery, and nerve after entering the abdominal cavity and then passed over the ureter, dilated terminally, and joined the ampullary gland.
Prostate.-The unpaired, ventrally placed, shield-shaped prostate, which varied in size seasonally (Fig. 3) , enclosed the prostatic urethra. Prostatic urethra received prostatic ducts along its course. Prostate was made up of numerous branching tubuloalveolar glands lined with epithelial cells. When glands were involuted (small), after cessation of reproduction, the alveoli along with the ducts were tiny and virtually empty of secretion (Fig. 4b ). In the reproductively active (large) state, the alveoli hy- pertrophy and their lumina filled with secretion (Fig. 4a) . Exocytotic secretion droplets were prominent and had a characteristic form (Fig. 4a) , which, although variable in shape, was easily distinguished from the homogeneous granular secretions of the seminal vesicle and ampullary glands (Figs. 5a and 5c). These characteristic prostatic secretion bodies were easily identifiable in the prostatic urethral lumen, where all accessory gland secretions collect.
Prostate was enlarged and secretory from February through April; however, during this period, the alveoli showed variation in amount of luminal secretion, indicative of constant depletion and replacement likely reflecting continuing copulatory activity. Prostate glands tested positive for fructose in all months sampled and showed little monthly variation, except for a large increase in production noted in April. The concentration of fructose was usually small and varied somewhat between individuals in any 1 sample (possibly due to recent ejaculation). However, overall monthly variation of prostatic fructose essentially was synchronous with annual hypertrophy of accessory sex glands and histological secretory image, as well as the testicular morphological and gametic cycles. Interesting- ly, fructose was sometimes detectable in homogenates of prostates of juvenile animals.
The seminal vesicles and ampullary glands, which varied in size seasonally (Fig. 3) , were paired structures that could be grossly distinguished by a sulcus that weakly marks their external boundary. They were encapsulated by an envelope of connective tissue, which apparently divided their parenchyma internally.
Ampullary glands bilaterally received the paired ductus deferentia, which individually entered their dorsocephalic surface. The ampullary mucosa folded markedly to produce alveolar spaces that were essentially indistinguishable from those of the seminal vesicle. Glandular spaces of both glands were lined by secretory epithelium, which varied seasonally in profile from columnar to low cuboidal depending on the degree of secretion engorgement.
Seminal vesicles and ampullary glands were enlarged and secretory February through April (Figs. 5a and 5c ). Hypertrophied acini of both glands were usually filled with fine, granular, eosinophilic, homogeneous secretion. However, like the prostate, alveoli of these glands were variably secretion-filled. This may be indicative of their role in providing seminal secretions in this period of high libido and likely continuing copulation and frequent ejaculation. At nonreproductive times of the year, acini were small and nearly empty of secretion (Figs. 5b and 5d ). Chemical analyses for fructose of homogenates (adult and young adult) of combined seminal vesicle and ampullary gland tissue revealed that fructose was present in varying levels in most, but not all, adult males sampled at monthly intervals throughout the year. Seminal vesicles and ampullary glands of most nonadults assayed characteristically lacked fructose.
Cowper's glands were small, paired, bilaterally symmetrical organs enclosed by a well-defined, connective-tissue capsule with a strong, external, skeletal-muscle tunic. Microscopically, glands were partitioned into lobules by septa projecting inward from the external capsule. Cowper's glands were composed of alveolar segments with their lumina lined by secretory epithelium (Fig.  6) . Ducts draining the alveoli coalesced into a simple tube, which emptied into the urethral bulb. Size of the glands varied only slightly seasonally (Fig. 3) . Microscopic changes and secretory activity were less pronounced during the testicular spermatogenic cycle than those expressed in other accessory sex glands. Glands of juvenile and young adults, although somewhat smaller than organs of adults, were microscopically indistinguishable. Chemical analyses for fructose on homogenates of one or more samples of Cowper's glands in most months disclosed that fructose was variably present.
The gular (sternal) gland of T. b. mexicana is a sexually dimorphic, sebaceous gland in the skin of the suprasternal neck region. It consists of simple, branched tubuloalveolar glands, each of which is composed of sebaceous cells. The gland, absent in females, is well-developed in adult males. Gular glands underwent cyclic hypertrophy (February-May) and active secretory function (March-May) during the breeding season in essential synchrony with enlarged and secretory accessory sex glands and gametogenic testes. Secretorily active glands of adults produced a thick, oily, odoriferous exudate that stained and matted the skin and hair of the ventral neck and chest of breeding adult males. In the nonbreeding season, gular glands of adult males were visible but small. Juvenile males had tiny nonfunctional glands.
A baculum (os penis) was found in the penes of all 89 bats (adult and nonadult) processed. The bone was in the cavernous tissue of the glans penis lying dorsal to and capping the terminal urethra. Total length of each bone was measured to the nearest 0.10 mm (Fig. 7) and variation in shape of the element recorded (Fig. 8) . The os penis varied in length and shape, and these differences were especially marked between young and adult. Apparent seasonal variation in this sample, we believe, was likely the result of variation in age of individuals processed rather than related to cyclic reproductive events.
The ultrastructure of cauda-epididymidal sperm was examined in specimens from several reproductively active adult bats. The sperm nucleus was elongated and contained a few small, clear, randomly located vacuoles. The terminal two-thirds of the nucleus was capped by an acrosome, which terminated in a 3-pronged tip. The acrosomal membrane over the nucleus had round projections (blibs) from its surface (Fig. 9) . The subacrosomal space was thin and ended in a pencil-like projection. A membranous scroll was noted in some but not all sperm. Connecting piece and proximal centriole appeared to be joined by coarse fibers from the adjoining middle piece. The middle piece was short and comprised 38 spiral mitochondria. Cross-sectional images showed the middle-piece axial-filament-complex of 9 dense fibers, 9 doublets, and a central pair of fibrils. A typical cytoplasmic (tubular and vesicle filled) droplet was invariably found projecting from the middle piece. An annulus was visible at the junction of the middle piece and the principal piece. Cross-sectional views of the terminal principal piece and end piece had the typical mammalian reduced number of axoneme fibers. Dense fibers were reduced in number in the principal piece and lost in the end piece, where only the 9 doublets and central pair were present.
DISCUSSION
In spring-breeding T. brasiliensis, the gametic and apparently androgenic functions of active testes stimulate the functional cycles of accessory sex glands and secondary sexual, dermal (gular) glands. These anatomical and physiological events are temporally synchronous and coincide with onset of estrus and mating receptivity of females.
The synchronous spring breeding pattern of T. brasiliensis precludes the necessity of sperm storage in either sex. An apparent accommodation to this pattern is reflected in the morphology of their spermatozoa. Krutzsch (2000) speculated on the markedly reduced number of pairs of spiral mitochondria characteristic of the sperm of molossids (36-42), as compared with other chiropteran species. This discrepancy in the mitochondrial population was particularly dramatic in hibernating species (i.e., rhinolophids and vespertilionids, where the number per species was 78-160-Racey 1979). These bats have desynchronized male-female reproductive cycles, with insemination occurring in autumn and ovulation and fertilization in spring from sperm stored in the autumn-inseminated tracts of females. Racey (1979) speculated that increased mitochondrial numbers noted in spermatozoa of hibernating species of bats could provide a useful source of metabolizable phospholipids for the nutrition of stored sperm. Molossids in general are nonhibernators and have synchronized male-female reproductive cycles and do not have prolonged sperm storage. Thus, the greatly re-duced spiral mitochondrial population of their sperm reflects a non-sperm-storing, synchronized, breeding model where fertilization occurs immediately after insemination.
There were only slight differences between shapes, sizes, and general configurations of the male reproductive tract of T. brasiliensis and other molossids that have been observed to date (Mormopterus planiceps- Krutzsch and Crichton 1987; Molossus fortis-Krutzsch and Crichton 1990) .
The secondary sexual gular (sternal) gland of adult male T. brasiliensis was hypertrophied and secretory during the breeding season. Its oily, sebaceous, odoriferous exudate may serve to attract females or mark territories of breeding males as has been described for other species of molossids (Molossus bondae- Dapson et al. 1977; M. sinaloae-Heideman et al. 1990; M. ater-Horst 1966; Rasweiler 1987 Rasweiler , 1992 . Much is known about the gross, microscopic, and ultrastructural anatomy of the gular (sternal) gland, as well as its apparent function (Dapson et al. 1977; Davis et al. 1962; Gutierrez and Aoki 1973; Heideman et al. 1990; Herreid 1960; Rasweiler 1987 Rasweiler , 1992 Werner and Lay 1963) . The annual function may be mediated by testicular androgens, as suggested by Horst (1966) , who reported that the gular gland of M. ater involuted following castration. The testicular role could be easily established by a simple experiment in which gonadectomized bats were provided exogenous testosterone and gular gland function recorded.
Variation in presence, size, shape, and osteogenesis of the os penis in T. brasiliensis has been described. Early observations by Krutzsch and Vaughan (1955) reported the small size (0.30 mm long) and infrequent occurrence of the baculum (1 in 10) in T. brasiliensis. Long and Jones (1966) , however, in their extended study, recognized an os penis in 39 of 51 individuals, and found the bone to range in length from 0.525 to 0.849 mm. The baculum resembled that figured by Krutzsch and Vaughan (1955) . Those individuals lacking a baculum were characterized as likely being late in development or showing variation in time of development of the element rather than reflecting a percentage of the population in which the baculum was absent. In this study, we recorded an os penis in the glans of each of the 89 adult and young adult penes processed. There was some individual variation in shape and length (Figs. 7 and 8) of the baculum. Bacula of the 3 young bats examined were apparently undergoing osteogenesis, for they had not yet achieved length or shape of adults (Fig. 8) . The individual baculum of each reflected continued or variable postpartum growth over the 4-month period of development represented in the sample (young, June, 0.40 mm; juvenile, July, 0.50 mm; subadult, September, 0.30 mm). Long and Jones (1966) reported the mean length of the baculum to be 0.637 mm (n ϭ 39), essentially the same as reported herein 0.68 mm (n ϭ 89) and those reported by Brown (1967) 0.80 mm (n ϭ 9). As yet, no specific function has been demonstrated for the os penis.
We did not observe mating behavior of males. However, we did find adult males in samples of bats randomly scooped from roosting populations on the walls of Davis Blowout Cave shortly after migratory populations had returned (March-April). Repeated collections from similar sites often failed to produce a male, whereas on other occasions, several males were present. McCracken and Wilkinson (2000) categorized these bats as mating in ''multi-malemulti-female polygamous groups.'' Defining the mating behavior of males in such vast concentrations, where females overwhelmingly exceed them in number, presents a significant challenge. French and Lollar (1998) describe the sequence and timing of scent marking by males, territorial defense, and vocalizations associated with premating activity in captive colonies of T. b. mexicana. They observed that males marked territories using secretions from their gular glands. Furthermore, males defended particular cage areas vocally and physically against other males. A vocal buzz, for example, was believed to be used to establish mating territories and attract females, whereas a faint chirping call was considered to function as a mating song or to have more intimate sexual intent. Controlled, space-limited observations, such as these, might serve to define mating behavior of males, but the translation of such information to resolve the mating pattern of males in the constantly vocal and in-motion roost populations has been a perplexing problem. French and Lollar (2000) were able to identify the singing ritual of males and, thus, observe springtime mating taking place in roosts where summer maternity colonies formed. Regrettably, the dates (month and day) of these observations and numbers of bats present were not reported.
McCracken and Wilkinson (2000) reported observations by A. Nicklaus and B. Keeley of Tadarida mating in caves and under bridges in central Texas during a 3-week period, mid-March to early April. Vocalizations and scent marking by males occurred, and 2 copulatory strategies were noted: the male pulling a female from a group, restricting her movement and mating while vocalizing; and the male moving slowly over a female in a group and then quietly (no vocalization) mating with no apparent reaction from the female. Individuals of both sexes were observed to mate multiple times, and some of the same individuals engaged in both types of copulation. They noted that vaginal plugs littered the floor below the roosts. The finding of vaginal plugs suggests mass matings must occur at one time and likely at the time of their (Nicklaus and Keeler's) visit, because these tiny gelatinous, cellular, and seminal coagulations must be rapidly consumed by the multitude of scavenging arthropods inhabiting the guano beneath roosts. In our observations, we noted only a few females with vaginal plugs and no plugs were seen below roosting populations. Of interest are observations reported to one of us (PHK) by E. L. Cockrum (pers. comm.) that occurred in mid-March at a cave 2 miles SW of Navolato, Sinaloa, Mexico. In a horizontal opening in a bluff 3 m above ground level, he and others installed a modified harp trap that brought down bats that were exiting the cave in their evening flight. Departing bats were tripped into a holding container at ground level. Particularly notable was an overpowering musky odor (possibly gular gland exudate) from the captive population. Cockrum noted the behavior of the bats in the holding container was extremely different from that observed at many other times and places. Bats were active, crawling over each other, and many copulating pairs were observed. He believed that this might have been a mating assemblage of a northward migratory flight. In view of Cockrum's observations and because of the timing of maximum size of testis and male libido, mating likely begins in spring transitory roosts in the northward migratory flight at or above latitude 26ЊN in the states of Sinaloa and Sonora (Cockrum 1969; Villa-R. and Cockrum 1962) and clearly continues in maternity roosts in the southwestern United States (Davis et al. 1962; French and Lollar 2000; Krutzsch 1955; McCracken and Wilkinson 2000) . These collected observations demonstrate the annual migratory cycle and concomitant mating pattern characteristic of the population of T. brasiliensis in southwestern United States and northern Mexico.
RESUMEN
El murciélago mejicano carente de cola (Tadarida brasiliensis mexicana) es una especie no hibernatoria, migratoria y su temporada de apareamiento es durante la primavera. Nuestro estudio considera la estructura anatómica, función y los ciclos estacionarios de los testículos y glándulas accesorias. A diferencia de los murciélagos de las áreas templadas, los que hibernan y los murciélagos que almacenan esperma (vespertilionid), Tadarida no almacena es-perma en sus esperma por tiempo prolongado. El reinicio del tracto reproductivo en el macho occurre tardío en el invierno y temprano en la primavera. El comportamiento de cortejo en el macho (libido) y las funciones de las glándular sexuales secundarias (gular) están sincronizadas con la activación del tracto reproductivo en el macho (spermatogenesis). Estos eventos, los cuales toman lugar en la primavera, ocurren durante e inmediatamente seguido de la migración hacia el norte. Llevan a la inseminación de las hembras receptivas estrogén-ica.
